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ABSTRACT

AE, AE,
— n-Csllyg n-CgH g + 6 CH,—3m 7 C,H,

o e

Relative energies in kcal/mol
AE4 AE, Eo- E4 Es;-E;4

Bestest. 1.9 19.8 14.3 25.0
B3LYP -84 11.8 -0.2 1.9
M05-2X 14 16.8 16.9 254

It has recently been pointed out that current density functionals are inaccurate for computing stereoelectronic effects
and energy differences of isomerization reactions and isodesmic reactions involving alkanes; this has been
interpreted as an incorrect prediction of medium-range correlation energies. This letter shows that the recently
published M05-2X functional has good accuracy for all three of the recently highlighted problems, and it should be
useful for awide variety of problems in organic chemistry.

Density functional theory (DFT) is now the main tool for
calculating the structure and energetics of complex
molecular systems and materials." Recently, Grimme
claimed that all state-of-the-art density functionals
provide a qualitatively incorrect picture of the
stereoelectronic effects in alkane isomers,® and these
observations are reinforced by two independent works®*
in this journal. Table 1 compares Grimme’s results for
four standard density functionals®™® to experimentally
derived®!® data for the zero-point exclusive energy of
n-octane minus that of 2,2,3,3-tetramethylbutane. All

four density functionals that he studied get the sign
wrong. Grimme? pointed out that a related problem is the
increasing size of the errors per bond in heats of
formation and alkyl bond dissociation energies predicted
by most density functionals when molecules get larger.>'
We had pointed out earlier that the new M05-2X density
functional has much better performance than all previous
density functionals for alkyl bond dissociation energies as
a function of alkyl group size.* Unfortunately, Grimme
did not test the MO05-2X density functional for this
problem. In fact, we report here that the MO05-2X



functional, with the 6-311+G(2df,2p) basis set,” yields
+2.1 kcal/mol (+1.4 kcal/mol with the cQZV3P* basis set
and MP2/TZV(d,p) geometries) for the quantity in Table
1, which is quantitatively correct.

Table 1: Energy Difference (kcal/mol) between n-octane and
2,2,3,3-tetramethylbutane

method AE (kcal/mol)
experiment +190@
PBED -55¢
TPssh d -63C€
B3LYP € —84¢
BLYPf -99¢
B3PW91 9 70N
M05-2X | +2.1h
MO05-2X | +1.4]
mp2 K +46C

aRefs. 2, 10. P Ref. 5. € Calculations were performed with the
cQZV3P basis set and MP2/TZV(d,p) geometries, and results were
taken from Ref. 2. d Ref. 6. ©Ref. 7-9. T Ref. 7. 9Ref. 8. N present
work with the 6-311+G(2df,2p) basis set; the geometry was optimized at
the same level of theory and with the same basis set as was used for the
calculation of the energy. ' Ref. 12. JPresent work with the cQZV3P
basis set and MP2/TZV(d,p) geometries KRef. 15

Wodrich et al.® showed that the systematic errors in
DFT as the alkane size is increased are related to the
stabilizing interaction of geminal methyl or methylene
groups, an effect they call “protobranching,” which is
sensitive to medium-range correlation energy. A good
measure of this effect is provided by the energies of
reaction for reactions such as

n-C6H14 +4CH;—5 C2H6 (1)
or

Nn-CgHig + 6 CH; — 7 CoHg (2)

Table 2: AE (kcal/mol) of reaction for isodesmic reactions (1)
and (2)

of theory and with the same basis set as was used for the calculation of
the energy. IRef. 12. IPresent work with the aug-cc-pVTZ basis set. K
Ref. 15.

Table 2 compares these energies of reaction to
experiment for several common density functionals and
also M05-2X. Clearly, M05-2X is more accurate than
previous functionals.

A related example, in particular a case of DFT failing
to account for stereoelectronic effects, was provided by
Schreiner et al.,* who compared the energies of three
isomers of (CH),,; see Figure 1. Table 3 compares their
most accurate calculation and their DFT calculations to
our M05-2X calculations. Again, the M05-2X functional
does quite well.

1 2 3

Figure 1 Structures of (CH),, isomers, where 1, 2, and 3
correpond to the stuctures of 1, 22, and 31 in Ref. 4.

Table 3. Energies (kcal/mol) of (CH)12 isomers relative to
structure 1

method n-hexane n-octane
Experiment 1312 1988
B3LYPD 78@ 1182
PBE C god 1392
oLypd 59@ gga
MPWB1K € 958 1448
TPssikcls f 758 1132
B3PW919 goh 120h
M05-2X | 115h 172h
M05-2X ! 11.2) 16.8)
mp2 K 14128

aRef. 3. All DFT and MP2 calculation in Ref. 3 employed the aug-
cc-pVTZ basis set. P Ref. 7-9. CRef 5. A Ref. 16. ©Ref. 17. T Ref. 18.
9 Ref. 8. N Present work with the 6-311+G(2df,2p) basis set; for all
calculations in this table the geometry was optimized at the same level

method 2 3
ccsp(T) @ 1430 25.0b
BLYPC ~100b -115b
GosLYP d -64b -68b
KMLYP & 2840 41.7b
BaLYp ~02b 19b
BHandHLYP 9 7.4b 140°
B3PwWo1 N 14.4b 19.8P
B3pwo1 h 1591 2211
M05-2X | 1401 2141
M05-2X | 16.9K 25.4K
mp2 ! 23.2b 31.2P

aRef. 13, 19, and 20. b from Ref. 4. For each functional and MP2,
we give the result with the 6-311+G(d,p) basis set. ¢ Ref. 7. d Ref. 21.

€Ref. 22. T Ref. 7-9. 9 Ref. 23. NRef. 8. | Present work with the
6-311+G(2df,2p) basis set; the geometry was optimized at the same
level of theory and with the same basis set as was used for the

calculation of the energy. I Ref. 12. X Present work with the
6-311+G(d,p) basis set; the geometry was optimized at the same level of
theory and with the same basis set as was used for the calculation of the

energy. | Ref. 15.




We believe that the success of the M05-2X functional
derives from the design of its functional form," building
primarily on work of Becke,®% and from consistent,
simultaneous parametrization*? of the M05-2X exchange
and correlation functionals against a broad range of
accurate data including noncovalent interactions for main
group chemistry. This allowed us to better represent
medium-range correlation energy. We note that the M05-
2X functional involves kinetic energy density in both the
exchange and correlation functionals, but unlike fifth-
rung functionals,” it does not involve terms® dependent
on virtual orbitals.

The calculations were carried out with a modified
version of Gaussian03.” M05-2X is now available in
release 5.0 of NWChem.*® In addition it is scheduled to
be in the next minor revision of Gaussian03 and in the
next release (version 7.0) of Jaguar.

The reader is referred to the original paper? and
references therein for further details of the MO05-2X
functional. In one of our previous papers,?® we analyzed
the noncovalent interaction of methane with benzene and
concluded that the success of MO05-2X for this
noncovalent interaction is due to its improved correlation
functional for the description of medium-range
correlation. We noted in ref. 29 that although M05-2X
does not give the asymptotic —C¢/R® tail of the long-range
interaction, it agrees with CCSD(T)/complete-basis
results for CH,-benzene within 0.17 kcal/mol from 3.4 to
5.4 A (the minimum is 1.5 kcal/mol at 3.8 A and is 4.6
times deeper than the value at 5.4 A).

We also note that the MO05-2X functional has been
shown to outperform many other functionals for
noncovalent interactions,??** for torsional potentials of
conjugated polyenes,®* and for proton affinities of
conjugated polyenes (a test of its ability to predict
polarizabilities of conjugated double bonds).® It is less
satisfactory for energy differences® between cumulenes
and poly-ynes, but still better than all other functionals in
Tables 1-3.*' MO05-2X also has very high quantitative
accuracy for main-group thermochemistry and barrier
heights.*

Acknowledgment The authors are grateful to Stefan
Grimme for sending us the MP2/TZVP(d,p) geometries
and cQZV3P basis set for octane isomers. This work was
supported in part by the National Science Foundation by
grant no. CHE03-49122 (quantum mechanics of complex
systems) and by the Office of Naval Research under
award no. N00014-05-1-0538 (software tools).

Supporting Information Available: Cartesian
coordinates and electronic total energies of all molecules
involved in this letter are provided in Tables S1-S4.

(1) Kohn, W.; Becke, A. D.; Parr, R. G. J. Phys. Chem. 1996, 100,
12974.

(2) Grimme, S. Angew. Chem. Int. Ed. 2006, 45, 4460.

(3) Wodrich, M. D.; Corminboeuf, C.; Schleyer, P. v. R. Org. Lett.
2006, 8, 3631.

(4) Schreiner, P. R.; Fokin, A. A.; Pascal Jr., R. A.; de Meijere, A.
Org. Lett. 2006, 8, 3635.

(5) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett 1996, 77,
3865.

(6) Staroverov, V. N.; Scuseria, G. E.; Tao, J.; Perdew, J. P. J. Chem.
Phys. 2003, 119, 12129.

(7) Becke, A. D. Phys. Rev. A 1988, 38, 3098; Lee, C.; Yang, W,;
Parr, R. G. Phys. Rev. B 1988, 37, 785.

(8) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(9) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J.
Phys. Chem. 1994, 98, 11623.

(10) NIST  Standard _Reference Database. See
http://webbook.nist.gov/chemistry/.

(11) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J. A. J.
Chem. Phys. 2000, 112, 7374; Redfern, P. C.; Zapol, P.; Curtiss, L. A.;
Raghavachari, K. J. Phys. Chem. A 2000, 104, 5850; lzgorodina, E. I.;
Coote, M. L.; Radom, L. J. Phys. Chem. A 2005, 109, 7558; Check, C.
E.; Gilbert, T. M. J. Org. Chem. 2005, 70, 9828.

(12) Zhao, Y.; Schultz, N. E.; Truhlar, D. G. J. Chem. Theory
Comput. 2006, 2, 364.

(13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab
Initio Molecular Orbital Theory; 1st ed.; Wiley: New York, 1986.

(14) Weigend, F.; Furche, F.; Ahlrichs, R. J. Chem. Phys. 2003, 119,
12753.

(15) Mgller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

(16) Handy, N. C.; Cohen, A. J. Mol. Phys. 2001, 99, 403.

(17) Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2004, 108, 6908.

(18) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Phys.
Rev. Lett. 2003, 91, 146401; Krieger, J. B.; Chen, J.; lafrate, G. J;
Savin, A. In Electron Correlations and Materials Properties; Gonis, A.,
Kioussis, N., Eds.; Plenum: New York, 1999, p 463; Zhao, Y.; Lynch,
B. J.; Truhlar, D. G. Phys. Chem. Chem. Phys. 2005, 7, 43.

(19) Bartlett, R. J. In Theory and Application of Computational
Chemistry: The First 40 Years; Dykstra, C. E., Frenking, G., Kim, K. S.,
Scuseria, G. E., Eds.; Elsevier: Amsterdam, 2005, p 1191.

(20) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lett. 1989, 157, 479.

(21) Gill, P. M. W. Mal. Phys. 1996, 89, 433.

(22) Kang, J. K.; Musgrave, C. B. J. Chem. Phys. 2001, 115, 11040.

(23) Becke, A. D. J. Chem. Phys. 1993, 98, 1372.

(24) Becke, A. D. J. Chem. Phys. 1996, 104, 1040; Becke, A. D. J.
Chem. Phys. 1997, 107, 8554; Becke, A. D. J. Chem. Phys. 1998, 109,
2092; Becke, A. D. J. Chem. Phys. 2000, 112, 4020.

(25) Perdew, J. P.; Schmidt, K. In Density Functional Theory and Its
Applications to Materials; Van-Doren, V., Alsenoy, C. V., Geerlings.,
P., Eds.; American Institute of Physics: New York, 2001, p 1.

(26) Zhao, Y.; Lynch, B. J.;; Truhlar, D. G. J. Phys. Chem. A 2004,
108, 4786.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A,; Jr., T. V.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, G.; Dapprich, S.;
Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G,;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J.
A.; Revision C.01 ed.; Gaussian, Inc.: Pittsburgh PA, 2003.

(28) Bylaska, E. J.; Jong, W. A. d.; Kowalski, K.; Straatsma, T. P.;
Valiev, M.; Wang, D.; Apra, E.; Windus, T. L.; Hirata, S.; Hackler, M.
T.; Zhao, Y.; Fan, P.-D.; Harrison, R. J.; Dupuis, M.; Smith, D. M. A;;
Nieplocha, J.; Tipparaju, V.; Krishnan, M.; Auer, A. A.; Nooijen, M,;
Brown, E.; Cisneros, G.; Fann, G. I.; Frichtl, H.; Garza, J.; Hirao, K;
Kendall, R.; Nichols, J. A.; Tsemekhman, K.; Wolinski, K.; Anchell, J.;
Bernholdt, D.; Borowski, P.; Clark, T.; Clerc, D.; Dachsel, H.; Deegan,
M.; Dyall, K.; Elwood, D.; Glendening, E.; Gutowski, M.; Hess, A,;
Jaffe, J.; Johnson, B.; Ju, J.; Kobayashi, R.; Kutteh, R.; Lin, Z,;
Littlefield, R.; Long, X.; Meng, B.; Nakajima, T.; Niu, S.; Pollack, L.;
Rosing, M.; Sandrone, G.; Stave, M.; Taylor, H.; Thomas, G.; Lenthe, J.
v.; Wong, A.; Zhang, Z.; Version 5.0 ed.; Pacific Northwest National
Laboratory: Richland, WA, USA., 2006.

(29) Zhao, Y.; Truhlar, D. G. J. Chem. Theory Compuit., in press.

(30) Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2006, 110, 5121;
Zhao, Y.; Truhlar, D. G. J. Chem. Theory Comput. 2006, 2, 1009.

(31) Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2006, 110, 10478.

(32) Woodcock, H. L.; Schaefer, H. F.; Schreiner, P. R. J. Phys.
Chem. A 2002, 106, 11923.




